In vertebrates producing oviparous eggs, retinoids and their precursor molecules need to be deposited in oocytes during vitellogenesis. While most studies focus on the transport of retinoids and carotenoids formed outside the fish ovary and their deposition within the developing oocyte, recent investigations in mammalian species suggest the ovary is an important site for retinoid and carotenoid metabolism. Therefore, we investigated the expression of six genes (bcmo1, bcdo2, rbp1, lrat, rbp4, and stra6) associated with retinoids and carotenoids in juvenile and adult trout ovaries. Except for bcdo2, these genes were expressed in the ovary. Expression of stra6 was detected in the ovary but not in the liver. Gene expression levels of bcmo1 and stra6 were significantly higher in juvenile ovaries, in contrast to those of rbp1, rbp4, and lrat, which were similar in all tested ovarian stages. The mean values of the relative mRNA levels of the tested genes differed between the ovary and the liver. Gene transcripts of rbp4 and bcmo1 were identified by in situ hybridization in the theca layer, and all five genes were expressed in the granulosa, stromal cells, and only the early vitellogenic oocyte. The occurrence of retinol-binding protein in the theca and granulosa cells and within oocytes at all developmental stages was revealed by immunocytochemistry. These results indicate that ovarian cells express genes putatively associated with cleavage of beta-carotene, storage and mobilization of retinyl-esters, and of retinol-binding protein synthesis, suggesting a novel pathway for providing retinoids and carotenoids to developing fish ovarian follicles.
INTRODUCTION
Retinoids are crucial for proper embryonic development in vertebrates. Retinoic acid (RA) is required as it is the ligand for two classes of nuclear receptors (retinoic acid receptors [RARs] and retinoid X receptors [RXRs] ) regulating the transcription of ;500 target genes involved in biological processes. These genes assist in regulating important signaling molecules for cell division, cellular differentiation, tissue function, growth, and vision in the developing embryo [1] [2] [3] [4] [5] . In the mammalian embryo, retinoids are provided from the maternal circulation via the placenta [6] [7] [8] , whereas in oviparous vertebrates, embryos use retinoids and carotenoids stored in the egg yolk and oil globuli that were accumulated during vitellogenesis. While significant advances have been made in recent years in resolving the pathways leading to the synthesis of retinoids required during embryonic development in zebrafish embryos [9, 10] , the mode of their accumulation in oviparous eggs remains elusive.
The eggs of oviparous vertebrates contain carotenoids (e.g., astaxanthins, canthaxanthins, zeaxanthins, and others, reviewed in Scheidt [11] ), retinals, retinols, and retinyl-esters (RE), and their relative abundance changes between the different taxonomic groups [12] . The major carotenoid in zebrafish eggs is b-carotene, but additional significant amounts of other carotenoids were also found [9] . Retinals are the main stored form of retinoids in fish eggs and ovaries [9, [13] [14] [15] and may constitute almost 100% of all retinoids in eggs of marine fish [16, 17] . Fish eggs also contain retinols and RE, and their abundance is higher in eggs of freshwater species compared with marine fish, reaching over 30% in trout or salmon [14, 17] . Carotenoids within fish eggs were located in oil droplets (chylomicra particles) or in association with lipoproteins [18, 19] . Since carotenoids and retinoids are not synthesized de novo by vertebrates, they must be acquired from the diet in the form of vitamin A (primarily as retinol and RE) or as provitamin A carotenoid.
Transport of carotenoids and retinoids for deposition in oocytes was suggested to take place through four plasma carriers: a) chylomicrons, b) lipoproteins, c) retinol-binding protein, and d) serum albumins.
Briefly, chylomicrons carry REs and unconverted dietary provitamin A carotenoids. While the majority of chylomicron retinoids and carotenoids are cleared from the circulatory system by the liver, a significant proportion (25%-30%) is cleared by extraheptic tissues [20] . In these tissues, carotenoids may undergo oxidative cleavage, performed symmetrically by beta-carotene 15 0 ,15 0 monooxygenase (Bcmo1 [21] , previously known as Bcox [22] ) or asymmetrically by beta-carotene 9 0 ,10 0 dioxyoxygenase (Bcdo2 [21] ). The products of these cleavages are retinal or b-apocarotenals, respectively. Lipoproteins carry carotenoids, retinal and RE [12] . Three types of carotenoid-carrying lipoproteins were identified in Chum salmon (Oncorhynchus keta), namely, the low-density lipoproteins, the high-density lipoproteins (Hdl), and the veryhigh-density lipoproteins (Vhdl), containing 5%, 32%, and 34% of the total serum caroteinoids, respectively [23, 24] . REs are possibly carried by Hdl and/or Vhdl [25] [26] [27] . The Vhdl fraction contains vitellogenin, the precursor of the egg yolk lipovitellin that is synthesized in the liver of oviparous vertebrates and transported via the circulatory system to the oocytes [28, 29] . Vitellogenin was shown to be the main carrier of retinal to eggs in oviparous vertebrates [16] . lipids and carotenoids into developing oocytes presumably involves two lipoprotein receptors described for fish [29] [30] [31] .
Plasma retinol-binding protein (RBP4) is the main retinol carrier in the plasma and delivers retinol to target tissues [32, 33] . Retinol constitutes the major form of retinoid stored in the chicken egg and is transported by plasma RBP4 [34] . It was shown that human STRA6 (a member of a large group of ''stimulated by retinoic acid'' genes that encode transmembrane proteins and other proteins whose function is largely unknown [35] ) is a specific receptor for human RBP4-retinol and is located on cell membranes in the target tissues. It removes the retinol from RBP4 and transports it across the plasma membrane, where it can be metabolized. Human STRA6 binds specifically to RBP4 and mediates vitamin A uptake by cells [35, 36] . Within the target cell, retinol binds to cellular retinolbinding protein (human RBP1 or RBP2; gene names RBP1 or RBP2, respectively), which regulates the cellular metabolism of retinol by presenting it either to dehydrogenases for conversion to retinal and RA or to lechitin:retinol acyltransferase (human LRAT), which esterifies the retinol to RE.
Carotenoids were found to be carried also by serum albumin in the Atlantic salmon [37] .
Retinoids are crucial for determination of germ cell fate [38] , maturation of the oocyte, its survival, and its viability [39] and affect steriodogenesis of ovarian follicles [40] [41] [42] . Several studies have focused on retinoid and carotenoid metabolism within the ovary, but most of them were performed on mammalian ovarian follicles. Retinol was detected in the follicular fluid of bovine dominant follicles, and its concentration was highest in nonatretic follicles and lowest in small atretic follicles [43, 44] . An association was found between conversion of 15 0 ,15 0 -b-carotene into retinol and the progression of follicular maturation [45] . Transcripts of genes associated with bovine RBP1 and RBP4 and synthesis of bovine RBP4 were reported in theca and granulosa cells of the bovine ovarian follicle [44] . Moreover, bovine cumulus granulosa cells synthesize RA and express RXR, aldehyde dehydrogenase-1 family, member A2 (ALDH1A2, previously known as RALDH2) and PPARG (peroxisome proliferatoractivated receptor gamma), suggesting transcriptional regulation during oocyte maturation [46] . Several reports show the expression of some genes involved in the retinoid pathway in the piscine ovary: rbp4 expression was found in the trout ovary [12, 47] and the protein was located in trout eggs [32] , and rbp1 expression was reported in zebrafish ovary [48] . Yet, the role of retinoid transport and storage in fish oocytes is still not fully determined.
In view of the accumulating data on retinoid metabolism in mammalian ovarian follicles showing an association with viability and egg quality [39] , we investigated the expression pattern of genes associated with carotenoid (piscine bcmo1 and bcdo2) and retinoid (piscine rbp1, lrat, rbp4, and stra6) metabolism in previtellogenic and vitellogenic trout ovaries. These genes are involved in the hepatic intracellular retinol synthesis and storage [5] . The relatively high expression of these genes in the trout ovary revealed in the current study suggests that the ovary also functions as an extrahepatic storage site for RE and synthesis of retinol. While retinol transport in this species has been previously investigated [12, 32, [49] [50] [51] , the present study reveals novel aspects related to the site and expression levels of these five genes. It also demonstrates, by immunocytochemistry (ICC), that Rbp4 is located in the ovarian stromal, theca, and granulosa cells. Taken together, the results are consistent with the conclusion that diverse pathways of retinoid and carotenoid metabolism occur within the fish ovarian follicle. (weight 1500-3500 g), and the oocyte diameter in ovaries exceeded 5 mm. All experimental procedures in the present study were in accordance with the guidelines described by the Guiding Principles for the Care and Use of Research Animals in Biology of Reproduction. Complete (Roche Applied Science, Germany) was added to blood samples as recommended by the manufacturer. Blood cells were removed by centrifugation at 3500 rpm at 48C for 30 min. Tissue samples for in situ hybridization and immunohistochemistry were collected into 4% paraformaldehyde [52] . Plasma and tissues were stored at À708C.
MATERIALS AND METHODS

Animals and Tissues
RNA Isolation and cDNA Synthesis
Total RNA was extracted from 50-mg tissue fragments of rainbow trout livers and ovaries using Tri-reagent (Sigma, Israel) according to the manufacturer's protocol and treated with RQ1 DNase (Promega). For cDNA synthesis, 4 lg of total RNA was mixed with 0.1 lg of random primers (Promega), 5 ll of MMLV 5X buffer, 2 lM dNTP mix (Promega), 200 U of Bio-RT (Bio-lab, Israel), and H 2 O to reach a final volume of 20 ll. After an incubation of 1 h at 378C, 80 ll of H 2 O were added to the reaction.
To find bcmo1, bcdo2, rbp1, lrat, and stra6 orthologs from rainbow trout, we searched the GenBank database and found four trout ESTs (BX306640, BX864742, BX875768, and BX298869) encoding proteins with high sequence identity to the zebrafish Bcmo1, Bcdo2, Lratb, and Rbp1a and human BCMO1, BCDO2, LRAT, and RBP1, respectively. Since no match was found for the Stra6 sequence within trout ESTs libraries, we used three degenerated primers (str-F2, str-R2, and str-R3; see Supplemental Table 1 available online at www. biolreprod.org) to reveal a 646-bp product of the gene. The sequence (submitted to the GenBank under the accession no. EU170349) encodes for a protein with high sequence identity to zebrafish Stra6 and human STRA6. For real-time PCR we used two exact primers within this sequence (str-F1 and str-R1; see Supplemental Table 1 ). Sequences for rbp4 and elongation factor 1 alpha (ef1a) were obtained from the GenBank database (accession numbers AF257326 and AF498320, respectively). The RNA samples from livers and ovaries were subjected to RT-PCR using primers designed for all the sequences (see Supplemental Table 1 ). All PCR products were sequenced in order to confirm their identity and to eliminate the possibility of DNA contamination.
Sequence Analysis
Sequences of the RT-PCR products were compared with the GenBank database using BLAST and BLASTX programs to reveal the homology of the sequences with trout ESTs and with zebrafish and human proteins. Alignments of each one of the trout proteins with the homologous zebrafish and human proteins were performed using the ClustalW program (GCG Software Package). Assembly of the sequences achieved for trout stra6 was performed using CAP3 program [53] .
Real-Time PCR
The relative abundance of bcmo1, rbp1, lrat, rbp4, and stra6 transcripts was normalized to the amount of the trout ef1a [54] using the equation ratio
, where E ¼ 10 À1/slop , according to the method described by Pfaffl [55] . The PCR mixture consisted of 1 ll of cDNA sample, 70 nM of each primer (see Supplemental Table 1 ), and 12.5 ll of syber green master mix (ABgene, U.K.) in a final volume of 25 ll. Amplification was performed with biological triplicate samples using a GenAmp 5700 thermocycler (PE Applied Biosystems) according to the manufacturer's protocol.
In Situ Hybridization
Liver and ovary samples were fixed in 4% paraformaldehyde at 48C [52] , washed in PBS, stored in methanol, and embedded in paraffin. Tissue sections (6 lm) were cut from the paraffin blocks and mounted on electrostatically RETINOID/CAROTENOID GENES EXPRESSED IN TROUT OVARY 571 charged slides. The sections were deparaffinized and digested with proteinase K (20 lg/ml) for 20 min at 378C. The reaction was stopped by washing with cold TBS (20 mM Tris-HCl, 150 mM NaCl; pH 7.5), after which the sections were postfixed in 4% paraformaldehyde for 20 min. The postfixed sections were washed in TBS and incubated at 658C for 30 min. DIG-labeled RNA probes (sense and antisense) were synthesized with T3 or T7 RNA polymerase using the PCR products of the tested genes (see Supplemental Table 1 ) as templates. For hybridization, the probes were diluted in hybridization buffer (23 SSC, 10% dextran sulfate, 0.02% SDS, 50% formamide, and 0.1 mg/ml total yeast RNA) and incubated at 608C for 5-6 h. After hybridization, the slides were incubated overnight with 23 SSC and washed at high stringency (50% formamide, 13 SSC) for 40 min at 608C, followed by two washes with 13 SSC for 15 min each and five washes with TBS. Detection was carried out using the DIG Nucleic Acid Detection Kit (Roche).
Gel Electrophoresis and Western Blot Analyses
Samples were subjected to 14% PAGE according to the procedure described by Laemmli [56] using a mini PROTEAN II apparatus (Biorad). Trout plasma (2 ll) samples were diluted in 5 ll PBS, mixed with 4 ll sample buffer, and boiled for 5 min before loading on gels. For Western blot analysis, proteins were transferred to nitrocellulose membranes (Biorad). Nonspecific binding sites were blocked with 3% BSA (Sigma) in TBS. Retinol-binding protein anti-serum was prepared against the peptide 0 N 0 -CTFEDTPD-PAKFKMRY-0 C 0 from trout Rbp4 sequence (AF257326; HY Laboratories, Israel). This antiserum was named anti-Rbpa, in order to distinguish it from the antiserum prepared previously [32] against a trout recombinant retinol-binding protein (anti-Rbp). For detection of Rbp4, the cellulose membrane was incubated with the anti-Rbpa serum diluted 1:2000 in TBS overnight at 48C. After incubation, the membrane was washed with TBS containing 0.05% Tween (TBS-T) and incubated with alkaline phosphatase-conjugated AffinitiPure goat anti-rabbit IgG (Jackson ImmunoResearch) in TBS-T. After 1 h of incubation, the membrane was washed as described before, and the immunoreactive bands were visualized using BM purple (Roche).
Immunocytochemical Staining
Tissue sections were prepared as described before. The sections were deparaffinized and then washed with TBS. After washing, the sections were incubated with a blocking solution (1% BSA in TBS) for 2 h at RT, followed by an overnight incubation period with anti-Rbpa serum (1:200 in the blocking solution) at 48C. After washing with TBS, sections were incubated for 1 h at RT with alkaline phosphatase goat anti-rabbit IgG (Jackson ImmonuResearch), diluted 1:5000 in the blocking solution, and washed again with TBS. Detection was carried out using NBT/BCIP (Roche).
Statistical Analysis
Results, shown in Figure 1 , C and D, of individual experiments were subjected to one-way ANOVA, followed by an a posteriori Student-NewmanKuhls test with PRISM 4.02 software (GraphPad). Results of mRNA expression levels were combined for samples collected in 2003 and 2007, as there were no significant differences in the gene expression levels of samples collected in different years.
RESULTS
Expression of bcmo1, rbp1, lrat, and stra6 in the Trout Liver and Ovary Exact primers were designed (Supplemental Table 1 ) for bcmo1, bcdo2, rbp1, lrat, and stra6 and used in RT-PCR to verify the expression of these genes in the liver and ovaries of vitellogenic females. Expression of ef1a and rbp4 was used as positive internal control (Fig. 1A) . Transcripts of bcmo1, rbp1, and lrat were found in the ovary and liver of vitellogenic females, while the expression of stra6 was found only in the ovary. The expression of bcdo2 was not found in the ovary or liver. In order to verify that the primers used in these experiments detect bcdo2 expression, we performed RT-PCR using RNA extracted from the gut and found a prominent band, and its sequence was homologous with Bcdo2 (Fig. 1B ) . On the level of the deduced amino acid sequences, trout Bcmo1 shares 74% and 68% identity with zebrafish Bcmo1 and human FIG. 1. A) Expression of bcmo1, rbp1, lrat, and stra6 in trout liver (L) and ovary (Ova) detected by RT-PCR. The genes rbp4 and ef1a were used as positive controls. B) Expression of bcdo2 was found by RT-PCR only in gut (G) samples but not in samples from the liver and ovary (O). The gene ef1a was used as an internal control. C, D) Expression ratios of bcmo1, rbp1, lrat, rbp4, and stra6 in the liver (C) and ovary (D) during vitellogenesis. RNA was extracted from liver and ovaries removed from juvenile (juv; n ¼ 9), vitellogenic (vit; n ¼ 8), and postvitellogenic females (post-vit; n ¼ 6). The mRNA ratios were calculated as ratio¼(E target ) CPtargetsample /(E ef1a )
CPef1asample
. Values shown were normalized using ef1a expression levels in the same samples. Error bars represent standard deviation of the mean. Significantly different mRNA mean levels of bcmo1 and stra6 in the ovaries are marked by asterisks (* for P , 0.05 and ** for P , 0.01) for the three ovarian stages. All other mRNA levels (in the liver or ovary) did not significantly change during ovarian stages of development. Expression Levels of bcmo1, rbp1, lrat, rbp4, and stra6 in Trout Liver and Ovary During Vitellogenesis Real-time PCR was performed in order to calculate the relative mRNA levels of bcmo1, rbp1, lrat, rbp4, and stra6 in hepatic and ovarian samples from juvenile (n ¼ 9), vitellogenic (n ¼ 8), and postvitellogenic females (n ¼ 6). The mRNA ratios were normalized using the reference trout gene ef1a. In the liver (Fig. 1C) , the differences in the expression of bcmo1, rbp1, lrat, and rbp4 between the three stages tested were not statistically different from each other. The mRNA levels of rbp4 were much higher than the other genes in all stages, being 230-to 7500-fold higher in the juvenile stage, 300-to 20 000-fold higher in the vitellogenic stage, and 350-to 26 000-fold higher in the postvitellogenic stage. Expression of stra6 mRNA was not found in the liver at any one of the stages. In the ovary (Fig. 1D) , transcripts of bcmo1, rbp1, lrat, rbp4, and stra6 were detected in all stages. The mRNA levels of bcmo1 and stra6 in the juvenile ovary were significantly higher than those of vitellogenic (P , 0.01 for bcmo1 and P , 0.05 for stra6) or postvitellogenic (P , 0.05 for both genes) ovaries. In contrast, the expression levels in the ovary of rbp1, rbp4, and lrat were similar (ANOVA; P . 0.05) in all tested ovarian stages. The mean values for the relative mRNA levels of rbp1 and lrat were higher in the ovary than in the liver, but those of rbp4 were higher in the liver than in the ovary. In addition, the mean
FIG. 2. A)
Localization of bcmo1, rbp1, lrat, rbp4, and stra6 transcripts in ovarian sections by in situ hybridization. Transcripts of all genes were detected in ovarian follicles at early developmental stages (column 1 marked with green star). In vitellogenic ovarian follicles (stage III), transcripts of all genes were found in the stromal cell layer of the ovary (column 1, orange circle; column 2, orange arrow) and in the granulosa cell layer (column 2, black arrow). Only transcripts of bcmo1 and rbp4 were detected in the theca cell layer (column 2, red arrow). No staining was detected in vitellogenic oocytes (yellow star). Staining was not detected in the negative controls that were hybridized with sense probes, as shown in the column labeled control. B) ICC studies for localization of Rbp4 in ovarian follicles. Panel 1: positive staining shows the occurrence of Rbp4 in vitellogenic oocytes (yellow star) and previtellogenic oocytes (green star); panel 2: an enlarged view of ovarian follicles, showing positive staining in theca (red arrow) and granulosa (black arrow) layers and in the stromal cells (orange arrow); panels 3 and 4 are the negative controls of results shown in panels 1 and 2, respectively. ZR, Zona radiata.
RETINOID/CAROTENOID GENES EXPRESSED IN TROUT OVARY
values for mRNA levels of bmco1 were higher in the juvenile ovary than the liver. This trend was reversed for vitellogenic and postvitellogenic fish, where mRNA levels were higher in the liver. It should be noted that the average mRNA levels of ef1a (the reference gene) in the liver were similar to the average mRNA levels in the ovary.
Localization of bcmo1, rbp1, lrat, rbp4, and stra6
Transcripts in the Ovarian Follicle
Transcripts of bcmo1, rbp1, lrat, rbp4, and stra6 were detected by in situ hybridization in sections prepared from ovarian tissues (Fig. 2A) . Positive staining for all genes was found inside previtellogenic oocytes and in the stromal cells of the ovary (Fig. 2A, column 1) . As for the cell layers of the follicle, transcripts of rbp1, lrat, and stra6 were found exclusively in the granulosa cells but not in the theca cells ( Fig. 2A, column 2) . Transcripts of rbp4 and bcmo1 were found both in theca and granulosa cells but with more intense staining of rbp4 in theca cells compared with granulosa cells (Fig. 2A, column 2) . Control sections did not show any staining with the tested probes ( Fig. 2A, control) .
Localization of Rbp4 in the Ovarian Tissue
Antibody against a peptide from the sequence of trout Rbp4 was prepared (see Materials and Methods) in order to perform ICC of Rbp4 in trout ovaries. For verifying the cross-reactivity of the anti-Rbpa serum with Rbp4, 2-ll plasma samples from males and females were tested in Western blot analysis. The results showed two protein bands that were recognized by the anti-Rbpa serum at an expected molecular mass of ;21 kDa (Fig. 3A) . The double band probably corresponds to the apoand holo-forms of Rbp4 in the plasma [32] . The same reaction that was performed with preimmuned rabbit serum instead of the anti-Rbpa serum did not reveal any bands at the expected size (Fig. 3B) .
Rbp4 was detected by ICC in sections prepared from trout ovary (Fig. 2B) . Positive staining for Rbp4 was found in theca and granulosa cell layers of the follicles (Fig. 2B, panel  2 ) and inside previtellogenic and vitellogenic oocytes (Fig. 2B, panel 1) . The positive staining of Rbp4 was more intense in theca cells and in previtellogenic oocytes compared with granulosa cells (Fig. 2B, panels 1 and 2) . Sections used for negative control were incubated with preimmunized rabbit serum and showed low to undetectable staining (Fig. 2B,  panels 3 and 4) . 
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DISCUSSION
Retinoid and carotenoid metabolism in the fish ovary seems to be far more extensive than has been reported until now, based on expression studies of five genes reported here, bcmo1, rbp1, lrat, rbp4, and stra6. These genes code for enzymes and other proteins that are associated with various functions in the retinoid pathway in the liver [33] (Fig. 4) , and their expression in the ovary reflects the high need for retinoids during the development of the ovarian follicle. Generally in mammals, the need for retinoids by the cells is met with the uptake of retinol from RBP4 via a specific cell membrane receptor or through the conversion of retinoids (e.g., REs) or carotenoids (e.g., xanthophylls) carried in the plasma by lipoproteins, chylomicrons, and serum albumin and reaching the ovary [12] . Human RBP4 is the main carrier of retinol in the plasma and delivers retinol from the liver to target cells. At the target cell, RBP4 binds to STRA6, a specific membrane receptor [35, 36] , and is internalized into the cell. Within cells, retinol is bound to RBP1, a cellular retinol-binding protein with homology to RBP2 that is found in the intestine. Either the RBP1-retinol complex can be presented to LRAT for conversion to RE, or the retinol can be oxidized to retinal and subsequently to RA. RBP1 and LRAT are important in the esterification of retinol and are highly expressed in hepatic stellate cells where retinyl esters are stored. These cells have the ability to control mobilization of retinol and ensure a steady supply of retinol, with less dependency on its supply from the plasma [5] . The expression of rbp1 and lrat in the trout ovarian cells ( Fig. 1 and Table 1 ) alludes to a similar function in these cells. In general, the mean values of the relative expression levels of rbp1 and lrat were higher in the ovary than in the liver, and stra6 expression was only found in the ovary, suggesting a possible uptake of retinol from Rbp4 in ovarian cells.
The relative expression of bcmo1 in the ovary was stage dependent, with significantly higher expression levels in juvenile ovaries. The mean values for mRNA levels of bcmo1 were higher in the juvenile ovary than the liver, but this trend was reversed in vitellogenic and postvitellogenic ovaries. The expression of this gene in the human ovary is relatively low compared with its level in the liver. It was speculated that its function in human peripheral tissues (not including the digestive system and liver) is to serve as an alternative pathway for local vitamin A supply in situations of special need or during deficient states [57, 58] . In general, BCMO1 is associated with central cleavage of 15 0 ,15 0 -b-carotene that yields retinal but may also function in the cleavage of other carotenoids [9, 22, 59] , and cleavage of carotenoids was reported in mammalian ovarian follicles [45] and zebrafish embryos [9] . However, human recombinant BCMO1 was able to catalyze the cleavage of b-cryptoxanthin but not of zeaxanthin or lycopene [57] . It remains to be shown, however, whether xanthophylls such as canthaxanthins, asthaxanthis, zeaxanthins, or lutein are metabolized in the ovary, as xanthophylls are major carotenoids in fish plasma and eggs [11, 18, 19, 60, 61] .
The relatively higher expression in juvenile fish of bcmo1 and stra6 than in other stages suggests relatively higher acquisition of retinoids from the plasma during early stages of ovarian development. In mammalian species, RA was found to increase the number of germ cells and primordial oocytes and induce meiosis [62, 63] .
In the adult ovary, in situ hybridization revealed differences in the localization of gene expression between previtellogenic and vitellogenic ovarian follicles. All the five tested genes were expressed within the previtellogenic oocyte and the granulosa cells surrounding the oocyte, indicating acquisition and metabolism of retinoids and carotenoids during this stage of development. In vitellogenic follicles, granulosa and stromal cells express the five genes (bcmo1, rbp1, lrat, rbp4, and stra6), whereas theca cells expressed only rbp4 and bcmo1. The lack of detection of gene expression within the vitellogenic oocytes may stem either from a masking effect of the highly abundant yolk proteins or from the reduced relative abundance of transcripts in the larger growing oocyte. It is also possible that these genes have specific functions only during part of the oocyte developmental cycle (e.g., bcmo1 and stra6; Fig. 1D and the discussion above) and not at later stages. This assumption is at least partly supported by the fact that they were not reported among the maternal RNA repertoire of the zebrafish mature oocytes [64] .
Immunocytochemistry studies showed the occurrence of Rbp4 in the theca and granulosa cells and within vitellogenic oocytes, although rbp4 expression was not detected within the oocyte. Occurrence of Rbp4 protein in the absence of a transcript has also been reported for nude mature zebrafish oocytes that lack theca and granulosa cells [64, 65] . Rbp was also identified in the ovarian stromal cells. It is tempting to suggest that Rbp4 in the granulosa cells may function in the transportation of retinoids synthesized within these cells to the growing oocytes, but this cannot be argued for Rbp4 in theca cells that do not express any one of the other genes. Brown et al. [44] have suggested that bovine RBP4 and RBP1 expressed and synthesized in theca and granulosa cells serves to accumulate and deliver retinol across the follicular basement membrane in the bovine ovarian follicle. However, direct movement of proteins from the theca and /or granulosa cells in fish has not been shown so far. The stromal cells may serve for storage of retinyl esters, similar to the function of mesodermal stellate cells in other tissues [66] .
The differences between theca and granulosa cells in the expression of specific genes associated with retinoid metabolism suggest different roles of these two cell layers during oocyte development and maturation. A difference in the function of these two cell layers has been shown during steroidogenesis in response to LH and FSH. During the vitellogenic phase, the steroidogenic steps, beginning with cholesterol side-chain cleavage and culminating in the formation of testosterone, take place in the theca layer under gonadotropic regulation. Testosterone diffuses from the theca cells into the granulosa layer to be aromatized there to estradiol, and hence the two layers are required for the production of this steroid. The interaction of these two ovarian follicle cell layers is also required for the synthesis of 17a,2Ob -DP (DHP), the steroid that governs final oocyte maturation. The theca layer produces 17a-hydroxyprogesterone, which is converted to DHP in granulosa cells by the action of carbonyl reductase 1 (Cbr1; previously known as 20b-hydroxysteroid dehydrogenase [67] [68] [69] [70] ). It remains, however, to be shown whether LH or FSH affect the expression of genes related to retinoid metabolism in the ovary.
In summary, this study demonstrates ubiquitous expression of genes associated with retinoid and carotenoid metabolism in the trout ovary. Differences were found in the relative abundance of transcripts in the theca and granulosa cells surrounding the oocyte. Moreover, the expression levels in the ovary may vary during oocyte developmental stages, as indicated by the higher expression levels of bcmo1 and stra6 in juveniles. Accordingly, a novel pathway for providing retinoids and carotenoids to developing ovarian follicles is suggested as described in Fig. 4 . This optional pathway probably serves in parallel to receptor-mediated uptake of RETINOID/CAROTENOID GENES EXPRESSED IN TROUT OVARY carotenoids and retinoids that are carried by lipoproteins into the oocytes. Together, these pathways ensure meeting the demand of the future developing embryos for retinoids.
